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Mouse oocytes develop sensitivity to inositol 1,4,5-trisphosphate (IP3) during oocyte maturation. We recently reported that
a change in the organization of the endoplasmic reticulum (ER) during oocyte maturation may contribute to this enhanced
sensitivity (Mehlmann et al., 1995, Dev. Biol. 170, 607±615). Here, we investigated whether there is an increase in the
number of available IP3 receptors after maturation and whether there is a redistribution of IP3 receptors similar to the
redistribution of the ER that occurs during maturation. Western blot analysis of the IP3 receptor in oocytes and eggs
demonstrated a 1.8-fold increase in immunoreactive mass of the IP3 receptor following oocyte maturation. Microinjection
of the function-blocking monoclonal antibody 18A10 inhibited IP3-induced Ca2/ release in a concentration-dependent
manner in both eggs and oocytes. More antibody was required to inhibit Ca2/ release to the same extent in eggs compared
to oocytes when both were injected with the same concentration of IP3, suggesting that eggs contain a greater number of
functional IP3 receptors. Immunolocalization of the IP3 receptor revealed that receptors were present in large clusters, 1±
2 mm in diameter, in the cortex of the mature egg except in a ring-shaped band of cortex adjacent to the meiotic spindle.
In contrast, receptor clusters were located around the entire cortex of the immature oocyte and were much smaller (1
mm); larger patches were sometimes seen, but they did not display the same spherical organization as those in eggs. These
results suggest that the number of cortical IP3 receptors increases during mouse oocyte maturation and that this increase
may contribute to enhanced Ca2/ release at fertilization. q 1996 Academic Press, Inc.
INTRODUCTION initiated during fertilization is not known at this time (re-
viewed in Swann, 1993; Foltz and Shilling, 1993; Whitaker
An increase in intracellular Ca2/ in the egg results from and Swann, 1993; Miyazaki et al., 1993; Kline, 1996). How-
the interaction of the egg and sperm at fertilization. The ever, for hamster and mouse eggs, there is strong evidence
increase in Ca2/ is required for egg activation and subse- that IP3 is responsible for the initial Ca2/ release, the subse-
quent development of the zygote. The Ca2/ released at fertil- quent repetitive Ca2/ transients following fertilization, and
ization in deuterostome eggs is stored in the endoplasmic the activation of the egg (Miyazaki, 1988; Cran et al., 1988;
reticulum (ER; Han and Nuccitelli, 1990; Terasaki and Sar- Miyazaki et al., 1992, 1993; Xu et al., 1994).
det, 1991) and is released by inositol 1,4,5-trisphosphate The ability of eggs to undergo normal fertilization is ac-
(IP3 ; Whitaker and Irvine, 1984; Busa et al., 1985; Miyazaki, quired during oocyte maturation, and part of the maturation
1988), which is generated at fertilization (Ciapa and Whi- process includes development of the Ca2/ storage and re-
taker, 1986; Kamel et al., 1985; Ciapa et al., 1992; Stith leasing system that permits production of the normal Ca2/
et al., 1993). The mechanism by which IP3 production is transients necessary for egg activation. Immature, prophase
I-arrested mouse (Mehlmann and Kline, 1994; Jones et al.,
1995), hamster (Fujiwara et al., 1993), and star®sh (Chiba1 Current address: Department of Physiology, University of Con-
et al., 1990) oocytes do not release as much Ca2/ as eggsnecticut Health Center, Farmington, CT 06032. E-mail: lmehl
when fertilized; oocytes of these species exhibit normalman@cortex.uchc.edu.
sperm-induced Ca2/ release only after oocyte maturation.2 To whom correspondence should be addressed. Fax: (330) 672-
3713. E-mail: dkline@biology.kent.edu. Maturation of the Ca2/ release system appears to involve
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synthetic peptide comprising the terminal 19 amino acids of thean increase in the sensitivity of the system to IP3, since
rat type 1 IP3 receptor. C-19 was used for Western blotting experi-immature oocytes do not release as much Ca2/ as mature
ments. The two monoclonal antibodies generated against theeggs when injected with IP3. In mouse and hamster oocytes,
mouse type 1 IP3 receptor, 18A10 and 4C11, were used to examinesensitivity to IP3 develops after germinal vesicle breakdown
Ca2/ release and for immuno¯uorescence localization studies.(GVBD; Fujiwara et al., 1993; Mehlmann and Kline, 1994).
18A10 is a function-blocking antibody that blocks IP3-induced Ca2/Augmentation of Ca2/ release during oocyte maturation release. 18A10 recognizes an epitope of the IP3 receptor in the C-
could occur by one or several different mechanisms. One terminal portion of the protein (Furuichi et al., 1989). The speci®c-
possible mechanism may involve a reorganization of Ca2/ ity of 18A10 has been shown by Western blot; the antibody labels
stores during oocyte maturation. Such reorganization has a single protein band of 250 kDa in hamster eggs (Miyazaki et al.,
1992). 4C11, used for immuno¯uorescence experiments, recognizesnow been demonstrated for both mouse and hamster oo-
an epitope of the IP3 receptor in the IP3 binding region of the protein.cytes (Mehlmann et al., 1995; Shiraishi et al., 1995). In the
Western blot analysis of hamster egg lysates using 4C11 has shownmouse egg, clusters of the ER, approximately 1±2 mm in
that this antibody labels a single protein band of about 250 kDadiameter, are present only in the cortex of the egg and are
(Miyazaki et al., 1992). Both 18A10 and 4C11 were prepared inlocalized to the cortical region containing cortical granules
Ca2/-free phosphate-buffered saline, pH 7.4.and microvilli, the site of sperm±egg fusion. Immature oo-
cytes contain some ER accumulations in the interior, but
do not have large cortical accumulations. Developmental Immunoblots of the IP3 Receptor in Oocytes and
reorganization of the ER during oocyte maturation places Eggs
the probable Ca2/ storage compartment close to the site of
Oocytes and eggs were collected as described above and the zonaesperm±egg fusion. Furthermore, concentration of the ER in
pellucidae removed by a brief treatment in acid Tyrode's solutionclusters at the cortex may be responsible, at least in part,
[0.14 M NaCl, 3 mM KCl, 1.6 mM CaCl2r2H2O, 0.5 mMfor the enhanced Ca2/ release seen in mature eggs. The
MgCl2r6H2O, 5.5 mM glucose, 0.2% polyvinyl alcohol (PVA), pHphysical clustering of the Ca2/-containing ER may serve to 2.5], followed by several washes through MEM. Cells were counted
increase the sensitivity of the system to IP3 (see Mehlmann and washed into Tris-buffered saline (TBS), pH 7.5, containing 0.1%
et al., 1995). PVA and were transferred to a microcentrifuge tube. Most of the
In this study, we focused on the potential role the IP3 TBS was removed, lysing buffer (0.05 M Tris±HCl, pH 6.8, 1%
sodium deoxycholate, 0.1% SDS, 0.8 mM phenylmethylsulfonylreceptor itself may have on the development of Ca2/ release
¯uoride, 0.8 mM benzamidine, 10 mM leupeptin, 1 mM pepstatinmechanisms during oocyte maturation. Concomitant with
A, 75 nM aprotinin) was added, and the cells were quick-frozen inthe reorganization of the ER, a redistribution of IP3 receptors
ethanol/dry ice and stored at 0707C until use. Immediately beforeis expected. We used immuno¯uorescence studies to deter-
loading the oocyte and egg lysates into a polyacrylamide gel, samplemine if there is a redistribution of IP3 receptors after oocyte
buffer (125 mM Tris±HCl, pH 6.8, 4% SDS, 20% glycerol, 10% b-maturation. In addition, we examined the possibility that
mercaptoethanol, 0.02% bromophenol blue) was added to each tube
enhanced Ca2/ release in the egg is dependent, in part, on and the samples were heated at about 957C for 3 min. One lane of
an increase in the number of IP3 receptors. each gel was loaded with lysate from 500 oocytes and another lane
was loaded with an equal volume of lysate from 500 eggs, and when
analyzing density after immunoblotting, these lanes were paired.
Six separate immunoblots were done, using the same protocol.MATERIALS AND METHODS
Rat cerebellum, which is rich in IP3 receptors (Mignery et al.,
1990), was used for comparison in immunoblotting experiments.Collection of Oocytes and Eggs Cerebella were removed from adult male rats and placed in ice-
cold homogenization buffer (50 mM Tris±HCl, pH 7.25, 250 mMMouse oocytes and eggs were collected in a minimal essential
sucrose, 0.8 mM benzamidine, 10 mM leupeptin, 1 mM pepstatin A,medium (MEM), as previously described (Kline and Kline, 1992a;
75 nM aprotinin). After thoroughly washing with the buffer, cerebe-Mehlmann and Kline, 1994). Fully grown oocytes were obtained
lla were homogenized, on ice, with 20 strokes of a Dounce homoge-from female mice 44±48 hr after injection of pregnant mare's serum
nizer. Homogenates were centrifuged at 800g at 47C, for 15 min.gonadotropin by puncturing follicles with a 26-gauge needle. Cu-
The supernatant was saved and the protein content was determinedmulus cells were removed by repeated pipetting though a small-
using a micro-BCA kit (Pierce, Rockford, IL); aliquots of the super-bore pipet. Dibutyryl cAMP (0.1 mg/ml) was included in the me-
natant were stored at 0707C until use. Prior to loading in the gel,dium to prevent spontaneous oocyte maturation (Cho et al., 1974).
sample buffer was added to each aliquot and the mixture heated atEggs were obtained from mice following superovulation and the
about 957C for 3 min.cumulus cells were removed with 0.3 mg/ml hyaluronidase (Type
Oocyte, egg, and cerebellar proteins were electrophoretically sep-IV-S). Except where noted, all chemicals were obtained from Sigma
arated using a 4% stacking, 5% resolving polyacrylamide minigelChemical Co. (St. Louis, MO).
(Mini Protean II, Bio-Rad) according to the method of Laemmli
(1970), followed by an overnight electrophoretic transfer (Bio-Rad)
to a nitrocellulose membrane (Bio-Rad). Membranes were washedAntibodies
with a blocking buffer (20 mM Tris±HCl, pH 7.5, 500 mM NaCl,
0.05% Tween 20, 2% nonfat milk) for at least 1 hr before overnightAn af®nity-puri®ed, polyclonal antibody (C-19) was generously
provided by Dr. Barbara Ehrlich (University of Connecticut Health incubation with the primary antibody (C-19), diluted 1:10,000 in
blocking buffer. Following primary antibody incubation, the mem-Center). This antibody, generated in rabbit, was raised against a
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branes were thoroughly washed with TBS containing 0.05% Tween essary to estimate [Ca2/]i , relative ratio values are presented rather
than [Ca2/]i . For reference, a ¯uorescence ratio of 1 corresponded20 (TTBS) and incubated for 1 hr with a horseradish peroxidase-
conjugated secondary antibody (1:2000 anti-rabbit IgG from don- to a [Ca2/]i of 0.5 mM, a ratio of 2 was 1.3 mM, and a ratio of 5 was
4.1 mM. All Ca2/ measurements were made from oocytes or eggskey; Amersham Corp.). After washing the membranes with TTBS,
labeled proteins were identi®ed on X-ray ®lm (Hyper®lm ECL, Am- held in a warming chamber with laminar ¯ow of 5% CO2, 95%
air to maintain a temperature of 377C and to prevent pH changesersham Corp.) using an enhanced chemiluminescence method, ac-
cording to the manufacturer's instructions (ECL kit, Amersham in the medium, which was kept under dimethylpolysiloxane. Sta-
tistical comparisons of Ca2/ release were made using one-way anal-Corp.). Densitometric analysis was done on immunoreactive bands
using OS-Scan Lite imaging software (Oberlin Scienti®c Co., Ober- ysis of variance (Instat software; GraphPAD, San Diego, CA).
lin, OH). Densitometric values of oocyte and egg IP3 receptor pro-
tein bands were paired for oocyte and egg proteins that were run on
the same gel. Statistical signi®cance was determined using paired
Student's t tests. Immunolocalization of the IP3 Receptor in Oocytes
and Eggs
Microinjection of Oocytes and Eggs and Oocytes and eggs were collected as described above and the zonae
Measurement of Intracellular Ca2/ pellucidae removed with a brief treatment (less than 5 min) with 10
mg/ml a-chymotrypsin (Type II). Following several washes through
Oocytes and eggs were microinjected with the function-blocking MEM, oocytes and eggs were ®xed for 30 ±60 min in freshly pre-
monoclonal antibody 18A10 and IP3 to examine Ca2/ release. A pared 3.7% paraformaldehyde in PBS, pH 7.4, containing 0.1% PVA.
quantitative direct pressure system was used for microinjection, as After ®xation, cells were washed with PBS containing 0.1% PVA
previously described (Hiramoto, 1984; Mehlmann and Kline, 1994). (PBS±PVA; three washes, 10 min each) and incubated in blocking
With this method, a small volume of mercury in the micropipet buffer (PBS, pH 7.4, containing 3% BSA and 0.25% gelatin) for 10±
permits controlled injection of picoliter quantities. A beveled mi- 15 min. Oocytes and eggs were incubated in primary antibody for
cropipet, back-loaded with mercury, was connected to a microme- 90 min at room temperature. The primary antibody was either 100
ter syringe system ®lled with ¯uorinert FC-70. Each micropipet mg/ml of the monoclonal antibody 4C11 against the IP3 receptor,
was ®rst front-®lled with inert dimethylpolysiloxane (silicon oil, diluted in blocking buffer, or an anti-a-tubulin antibody (Accurate
viscosity 20 centistokes), then ®lled with the injection solution, Chemical & Scienti®c Corp., Westbury, NY) diluted 1:25 in
and ®nally ®lled with an equivalent volume of silicon oil to form blocking buffer.
a cap over the injection solution. The relative amounts of oil and Following primary antibody incubation, cells were washed with
injection solution were determined by linear measurement with blocking buffer (three times for 10 min each) and were incubated
an ocular reticle during the loading procedure. The silicon oil cap for 1 hr in the secondary antibody (rhodamine-conjugated goat anti-
was injected into the oocyte or egg along with the injection solution rat IgG; Cappel Research Products, Durham, NC) diluted 1:200 in
and the diameter of the oil drop was measured. The volume of the blocking buffer. Oocytes and eggs were washed three times for 15
injected solution was equivalent to the volume of the injected oil min each in blocking buffer. Included in the ®rst wash was 1 mg/
cap. We usually observed the injections; however, IP3 was injected ml Hoechst 33342, a DNA-speci®c ¯uorochrome that allowed visu-
without simultaneously viewing the eggs and interrupting the Ca2/ alization of the position of the meiotic spindle in eggs. Oocytes and
measurements. ``Blind'' injections are possible because the injec- eggs labeled by immuno¯uorescence were observed using standard
tion solution invariably enters the cell after injection of the oil cap epi¯uorescence microscopy or viewed with a laser-scanning confo-
since an aqueous solution ¯ows readily out of the pipet once cal microscope (Bio-Rad Model 600). The cells were washed into a
enough pressure is applied to move the silicon oil cap. The injection drop of PBS, pH 7.4, containing 1 mg/ml phenylenediamine before
pipet was usually removed immediately after the injection. viewing. For examination with the confocal microscope, cells were
Intracellular concentrations were calculated from the concentra- mounted on slides with Vectashield mounting medium (Vector
tion and volume of solution injected, assuming uniform distribu- Laboratories, Burlingame, CA). Images of control cells incubated in
tion and an oocyte or egg volume of 205 pl. Oocytes and eggs were the secondary antibody alone were made with the same excitation
®rst injected with antibody 18A10 (10 mg/ml stock solution); ®nal illumination intensity and viewed with the same camera and confo-
intracellular concentrations of 20, 44, and 88 mg/ml were obtained cal settings as cells incubated in both primary and secondary anti-
by injecting 0.4, 0.9, and 1.8 pl of the stock. A separate injection bodies. Fluorescence images were recorded on videotape. Digital
pipet was used to inject 1.8 pl of a 2 mM stock of fura-2 dextran images taken from the videotape and images from the confocal
to give a ®nal intracellular concentration of 18 mM. Intracellular system were printed on an Hitachi color video printer.
Ca2/ measurements were begun 1 hr or more after injection of
the antibody. A ®nal intracellular concentration of 88 nM IP3 was
achieved by injecting 1.8 pl of a 10 mM stock. The injection buffer
for IP3 (D-myo-inositol 1,4,5-trisphosphate) was 75 mM KCl, 20
RESULTSmM Hepes, pH 7.0.
A dual monochromator system (Photon Technology Interna-
tional, South Brunswick, NJ) was used for ¯uorescence recordings
Western Blotting of the IP3 Receptor in Oocytesas described previously (Kline and Kline, 1992b). The ¯uorescence
and Eggssignal is displayed as the ratio of ¯uorescence for the 350 nm/385
nm excitation wavelengths after background subtraction. Emitted
Using three different antibodies to the IP3 receptor (C-19,¯uorescence was recorded at each excitation wavelength, and the
18A10, and 4C11), the reduced IP3 receptor protein fromratio was calculated twice per second. Because of the various as-
sumptions and reliance on external calibration buffers that are nec- oocytes and eggs appeared on Western blots as a single band
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determine whether this greater amount of immunoreactive
protein represented functional IP3 receptors. Since no bioas-
say exists to determine whether an extracted receptor is
functional, we addressed this question by measuring IP3-
induced Ca2/ release in oocytes and eggs after injecting a
function-blocking monoclonal antibody against the IP3 re-
ceptor. The antibody 18A10 binds speci®cally to an epitope
of the IP3 receptor in the C-terminal end, near the region
of the Ca2/ channel (Furuichi et al., 1989). 18A10 blocks
sperm-induced Ca2/ waves and Ca2/ oscillations in hamsterFIG. 1. Immunoblots identifying the IP3 receptor in oocytes and
eggs. Total protein from 500 zona pellucida-free oocytes and eggs oocytes and eggs (Fujiwara et al., 1993; Miyazaki et al.,
(estimated as 12.5 mg protein per lane) was electrophoresed under 1992), and 18A10 also blocks Ca2/-dependent events of egg
reducing conditions and probed with antibodies directed against activation in fertilized mouse eggs (Xu et al., 1994). Direct
the rat type 1 IP3 receptor. The speci®c antibody for each blot (C- Ca2/ measurements have not been made in mouse oocytes
19, 18A10, or 4C11) is indicated. The oocyte and egg lanes are the or eggs after 18A10 injection to prevent IP3-induced Ca2/same for 18A10 and 4C11; after probing with 18A10, the nitrocellu-
increases.lose membrane was stripped before probing with 4C11. Rat cerebel-
The monoclonal antibody 18A10 inhibited IP3-inducedlar homogenate (approximately 2.5 mg total protein per lane) was
Ca2/ release in oocytes and eggs in a dose-dependent man-blotted for comparison. The molecular weight standard indicated
ner (Fig. 2A). Peak Ca2/ release in response to injection ofis in kilodaltons.
88 nM IP3 was always greater in eggs than in oocytes both
in control cells and in those injected with the 18A10 anti-
body. The concentration of antibody required to decrease
of approximately 230 kDa (Fig. 1). In every Western blotting peak Ca2/ release to 50% of the control level was approxi-
experiment, the immunoreactive mass of the IP3 receptor mately 50 mg/ml in eggs and only 30 mg/ml in oocytes. At
protein was greater in the egg lane than in the oocyte lane; each antibody concentration, the inhibition of Ca2/ release
densitometric analysis of bands labeled with the C-19 anti- was signi®cantly greater for oocytes than for eggs (Fig. 2B).
body indicated that the immunoreactive mass obtained These results indicate that more antibody is needed to in-
from eggs was nearly twice that of oocytes (1.8{ 0.1, mean hibit Ca2/ release in eggs than in oocytes, inferring that{ SD, n  6). Paired Student's t tests comparing the values eggs have more functional IP3 receptors.for eggs and oocytes indicated that the difference was sig-
ni®cant (P  0.01). Similar densitometric results were ob-
Immunolocalization of the IP3 Receptor in Oocytestained in experiments using the 18A10 and 4C11 antibodies.
and EggsThese results indicate that the eggs contain more immuno-
reactive IP3 receptor protein than do oocytes. The distribution of IP3 receptors was determined in oo-All three antibodies labeled a single band (Mr approxi- cytes and eggs using the monoclonal antibody, 4C11, and
mately 235 kDa) in lanes containing proteins isolated from either standard epi¯uorescence or confocal microscopy. Ma-
rat cerebella. A molecular weight of approximately 260 kDa ture, metaphase II eggs contained IP3 receptors in the cortex.has been reported for the puri®ed rat cerebellar IP3 receptor Little staining was apparent in the interior of the eggs. The
(Supattapone et al., 1988; Mignery et al., 1990). We calcu- cortex near the spindle pole contained IP3 receptors; how-lated the weight to be less; however, calculation of the mo- ever, the eggs always had a distinct ring-shaped band near
lecular weight of high-molecular-weight proteins using the meiotic spindle of the egg that had few IP3 receptorsminigels may be subject to some error. Nevertheless, we (Figs. 3A, 4A and 4B). In contrast to the egg, the immature,
obtained consistent results with the gel electrophoresis and prophase I-arrested oocyte contained fewer IP3 receptors andblotting protocols we used and a 4±15% gradient gel pro- these were distributed around the entire cortex (Figs. 3C,
duced similar results. The molecular weight of the oocyte 4E and 4F). Very little staining was seen in the interior
and egg IP3 receptor was slightly lower than that of the of oocytes. Control oocytes and eggs incubated with the
rat cerebellar IP3 receptor. The molecular weight of the IP3 secondary antibody alone were unlabeled (Figs. 3B, 3D, 4D
receptor obtained from a variety of mammalian cells deter- and 4H). Similar results were obtained in 45 eggs and 32
mined by SDS±PAGE ranges from 220 to 260 kDa (Supatta- oocytes, from at least ®ve different animals in experiments
pone et al., 1988; Furuichi et al., 1989; Mignery et al., 1990; done on separate days.
Chadwick et al., 1990; Miyazaki et al., 1992; Yamada et al., We found that the paraformaldehyde ®xation alone, with-
1994). out permeabilization treatments, was suf®cient to permit
penetration of antibodies. To examine whether the observed
Inhibition of Ca2/ Release by the Function- cortical localization of the IP3 receptors could be due to
Blocking Monoclonal Antibody 18A10 poorer penetration of the antibodies into the interior cyto-
plasm of paraformaldehyde-®xed cells, eggs and oocytesAlthough eggs had more immunoreactive IP3 receptor
protein than did oocytes, the above experiments could not were incubated in a monoclonal anti-a-tubulin antibody
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FIG. 2. (A) Dose-dependent inhibition of IP3-induced Ca2/ release by the function-blocking monoclonal antibody 18A10 in oocytes and
eggs. Oocytes and eggs were injected with 20, 44, or 88 mg/ml of 18A10, followed by injection of 18 mM fura-2 dextran. Ca2/ was monitored
while injecting 88 nM IP3 . The number of experiments is indicated in parentheses. Mean ¯uorescence values and standard deviation are
plotted. (B) The monoclonal antibody 18A10 inhibited IP3-induced Ca2/ release signi®cantly more in oocytes than in eggs. The data from
(A) are reported here as percentages of Ca2/ release relative to control values, after subtracting basal Ca2/, for oocytes or eggs. All
concentrations of injected 18A10 caused signi®cantly more inhibition of Ca2/ release in oocytes than in eggs.
rather than 4C11. In these experiments, the meiotic spindle mann and Kline, 1994). Several different factors could con-
of eggs was labeled (Fig. 4C); a diffuse region throughout tribute to the increased ability to release Ca2/ as an oocyte
the cytoplasm of oocytes, excluding the GV, was also la- matures. It has been suggested that the oocyte increases the
beled (Fig. 4G). Cortical localization, similar to that seen size of Ca2/ stores during oocyte maturation, perhaps by
with 4C11, was not observed in either oocytes or eggs using accumulating Ca2/. This idea is based on the observation
the anti-a-tubulin antibody. These experiments provide evi- that immature oocytes treated with the Ca2/ ionophore,
dence that antibodies could penetrate the interior of oocytes ionomycin, release less Ca2/ than do mature eggs (Tombes
and eggs under the given experimental conditions and that et al., 1992; Jones et al., 1995). However, we demonstrated
most of the IP3 receptors were present in the cortex. Staining that mouse oocytes can release as much Ca2/ in response
of eggs that were permeabilized with 0.1% Triton X-100 to IP3 as mature eggs when the oocyte IP3 receptors are ®rst
con®rmed this result. Although treatment with this deter- sensitized by the sulfhydryl reagent thimerosal (Mehlmann
gent results in poor preservation of the ER, it could be seen and Kline, 1994). This suggests that additional Ca2/ is not
that the IP3 receptor staining was restricted to the egg cortex sequestered during oocyte maturation, but the ability to
(data not shown).
release Ca2/ is enhanced. Studies of star®sh (Chiba et al.,
Eight eggs and nine oocytes were examined at higher mag-
1990) and hamster (Fujiwara et al., 1993) oocytes also dem-ni®cation with the confocal microscope to examine the
onstrated that Ca2/ stores do not increase signi®cantly dur-®ner distribution and organization of the IP3 receptors. IP3
ing oocyte maturation; instead, star®sh and hamster oo-receptors in the cortex of mature, metaphase II eggs were
cytes develop the IP3-induced Ca2/ release mechanism dur-organized in clusters, 1±2 mm in diameter (Fig. 5A). Some
ing oocyte maturation.faint labeling was present in the regions around the clusters.
Enhanced Ca2/ release in the egg may be dependent, inIP3 receptors in the cortex at the spindle pole were also
part, on an increase in the number of IP3 receptors. Ourorganized clusters, like those in the opposite hemisphere of
studies of IP3 receptor protein in oocytes and eggs usingthe egg. In contrast to eggs, only sparse labeling of much
Western blot analysis indicate that immature oocytes con-smaller clusters was found in the cortex of oocytes (Fig.
tain approximately half the amount of IP3 receptor protein5C). When larger patches of IP3 receptors in the oocyte cor-
tex were observed (as in Fig. 5C), they were more irregular that is found in mature eggs. In agreement with this result,
and less well-de®ned than those in the egg (compare Figs. functional studies using the monoclonal antibody 18A10
5A and 5C). indicate that immature oocytes contain fewer functional
IP3 receptors than do mature eggs. The nearly twofold in-DISCUSSION crease in IP3 receptor protein could contribute to the in-
creased ability of mature eggs to respond to IP3.We have previously shown that mouse oocytes develop
sensitivity to IP3 as they undergo oocyte maturation (Mehl- A structural reorganization of the ER during maturation
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FIG. 5. Confocal sections of immuno¯uorescently labeled IP3 receptors in the cortices of an egg (A) and an oocyte (C). (B) and (D) are
control egg and oocyte, respectively, that were treated with the secondary antibody alone. Cells were ®xed and stained as indicated under
Materials and Methods. Scale bar represents 2 mm.
of mouse (Mehlmann et al., 1995) and hamster (Shiraishi et system to IP3 (see Mehlmann et al., 1995). With immunocy-
tochemistry, we examined the possibility that, parallel withal., 1995) oocytes may contribute to changes in Ca2/ release.
In the mouse egg, clusters of the ER are present only in the reorganization of the ER, there is a redistribution of IP3
receptors.the cortex, in the region containing cortical granules and
microvilli, the site of sperm±egg fusion (Mehlmann et al., We found that most of the IP3 receptors are clustered in
the cortex of the egg. The cortical IP3 receptor clusters are1995). Immature oocytes contain some ER accumulations
in the interior, but do not have large cortical accumulations. about the same size as the ER clusters (1±2 mm in diameter).
Except for IP3 receptor clusters at the meiotic spindle pole,Concentration of the ER in clusters at the cortex may be
responsible, at least in part, for the enhanced Ca2/ release the ER and IP3 receptor clusters in the cortex match the
polarized distribution of cortical granules (Nicosia et al.,seen in mature eggs. The physical clustering of the Ca2/-
containing ER may serve to increase the sensitivity of the 1977; Ducibella et al., 1988) and membrane microvilli
FIG. 3. Equatorial, confocal sections of immuno¯uorescently labeled IP3 receptors in an egg (A) and oocyte (C), showing the IP3 receptor
distribution. Fixed, whole eggs and oocytes were labeled with the monoclonal IP3 receptor antibody 4C11 and a rhodamine-conjugated
secondary antibody. Cells were viewed with a laser-scanning confocal microscope. Control egg (B) and oocyte (D), incubated with secondary
antibody alone, were unlabeled. The arrow in (A) indicates the approximate position of the meiotic spindle. The arrowheads in (A) point
to the cortical ring that contains few IP3 receptors. Scale bar represents 10 mm.
FIG. 4. An egg (A) and oocyte (E) stained with the IP3 receptor antibody 4C11. The same cells were also incubated with the DNA-speci®c
¯uorochrome, Hoechst 33342, to visualize the position of the chromatin in the spindle of the egg (B) and the chromatin in the GV of the
oocyte (F). Note the cortical region on either side of the spindle chromatin in the egg that contains few IP3 receptors (arrowheads in A).
In three dimensions, this area forms a ring-shaped band around the cortex below the spindle pole. No such IP3 receptor-free band is found
in the oocyte (E). Through-focusing through the interior of eggs and oocytes labeled with the IP3 receptor antibody 4C11 (A and E) revealed
little staining. The apparent ¯uorescence in the interior is primarily from out-of-focus light and scattering from the brightly stained cortex.
Examples of an egg (C) and oocyte (G) from a different experiment in which the cells were incubated with an anti-a-tubulin antibody.
The same secondary antibody was used for the 4C11 and the a-tubulin antibodies. Control egg (D) and oocyte (H) were incubated with
secondary antibody alone. Scale bar represents 20 mm.
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(Longo and Chen, 1985). The mature egg has larger and more become localized to the cortex following maturation. Im-
munocytochemical staining of IP3 receptors also reveals anumerous clusters of the IP3 receptor than the immature
oocyte. Localization of ER clusters and the IP3 receptors to redistribution of IP3 receptors into an organized cortical
array that parallels the redistribution of the ER (Shiraishithe cortical granule-containing cortex places the probable
Ca2/ storage compartment close to the site of sperm±egg et al., 1995).
The structural reorganization of ER and IP3 receptors dur-fusion, which is restricted to the microvilli-rich membrane
overlying the cortical granules. ing oocyte maturation, with the increase in IP3 receptor
number, infers that the pattern of Ca2/ release should beThe signi®cance of IP3 receptors in the cortex near the
spindle pole is not known. ER clusters, visualized with DiI different in oocytes and eggs and the available evidence
suggests that it is. Immature mouse oocytes, which lack(a ¯uorescent ER stain), were not seen in this region (Mehl-
mann et al., 1995). The reason for this difference in IP3 large cortical ER and IP3 receptor accumulations, release
much less Ca2/ than eggs when fertilized (Mehlmann andreceptor and ER labeling is not known. One possible expla-
nation is that the ER clusters overlying the spindle were Kline, 1994; Jones et al., 1995). The ®rst Ca2/ transient also
appears to have a slower rate of rise than the ®rst Ca2/not labeled with DiI. Labeling of the ER with DiI depends
on diffusion of the dye through a continuous membrane transient in mature eggs, and Jones et al. (1995) have sug-
gested that this represents a less cooperative mechanism ofsystem. Although the ER is thought to be continuous, the
membrane system overlying the spindle might be discontin- Ca2/ release. Furthermore, immature oocytes are unable to
propagate Ca2/ waves when injected with a cytosolic spermuous with the rest of the ER and may not be labeled by
diffusion of DiI. The relationship between IP3 receptor clus- preparation that causes Ca2/ transients similar to those seen
at fertilization (Carroll et al., 1994). Likewise, immatureters and ER in the cortex at the spindle pole will need to
be explored using other means to label the ER. hamster oocytes can be fertilized but do not propagate a
distinct Ca2/ wave as do mature hamster eggs (Shiraishi etAlthough there is a ®ne ER network in the interior of the
mouse egg, IP3 receptors were not detected in the interior al., 1995).
The intracellular distribution of IP3 receptors has alsoof the egg using immuno¯uorescence. However, it is likely
that some IP3 receptors are present throughout the interior been examined in some somatic cells; IP3 receptors are not
distributed homogeneously. In polarized epithelial cells, in-cytoplasm of eggs, since Ca2/ wave propagation through
the inner cytoplasm of hamster eggs is dependent on IP3 cluding pancreatic acinar cells (Nathanson et al., 1994) and
intestinal epithelial cells (Maranto, 1994), the type 3 IP3receptors (Miyazaki et al., 1992; Shiraishi et al., 1995; Miya-
zaki, 1995). The clustered pattern of ER and high density receptor is localized or concentrated in the apical region of
the cell where Ca2/ waves are initiated. In rat liver cellsof IP3 receptors in the cortex of mature eggs suggest that
propagation of the Ca2/ wave in the cortex and in the inte- (LieÁvremont et al., 1996) and T lymphocytes (Harnick et
al., 1995) the type 1 IP3 receptor is localized in patches ofrior might be different. However, the Ca2/ wave at fertiliza-
tion in the mouse egg has not been examined carefully. ER just beneath the plasma membrane. IP3 receptor cluster-
ing is also pronounced in Purkinje cells of the cerebellum,Recently it has been reported that sperm-induced Ca2/
waves in the human egg propagate through the cortical re- where, in addition to serving as a Ca2/ release channel, the
IP3 receptor participates in the formation of ER stacks (Otsugion before moving through the interior cytoplasm, sug-
gesting some segregation of Ca2/ stores similar to those we et al., 1990; Yamamoto et al., 1991; Satoh et al., 1990; Rusa-
kov et al., 1993; Takei et al., 1994; Furuichi and Mikoshiba,observed in the mouse egg (Tesarik et al., 1995).
In contrast to eggs, immature oocytes contained only a 1995). Overexpression of the type 1 IP3 receptor in COS
cells promotes ER clustering (Takei et al., 1994). The devel-few large, irregular cortical IP3 receptor patches that did not
resemble the large spherical clusters of IP3 receptors found opment of ER clusters in the mouse egg during oocyte matu-
ration might also be associated with the increased expres-in mature eggs. The pattern of cortical IP3 receptor staining
also resembles the pattern of ER staining of oocytes by DiI. sion of IP3 receptors.
The clustering of IP3 receptors and ER in mouse eggs andVery few cortical ER accumulations are present in imma-
ture oocytes and the ER does not exhibit any polarity (Mehl- other cells suggests that a signi®cant part of the Ca2/ re-
leased during cellular activation could come from discretemann et al., 1995). Similar to the ER clusters, the IP3 recep-
tors that are present in oocytes are located around the entire foci. High-resolution studies of the spatial and temporal
kinetics of Ca2/ release in mouse oocytes and eggs have notcortex. In contrast to the distribution of the ER in immature
oocytes, in which large accumulations of ER membrane are been done. However, video-rate confocal imaging of Ca2/
release in Xenopus oocytes reveals that Ca2/ release in re-present throughout the interior cytoplasm, we found no
staining of the IP3 receptor in the interior of oocytes. Since sponse to IP3 is very localized and focal (Parker and Yao,
1991; Yao et al., 1995). In response to release of caged IP3the amount of IP3 receptor protein doubles during oocyte
maturation, the receptors may be directed to the cortex as or injection of a poorly metabolized IP3 derivative, puffs of
high Ca2/, 1±2 mm in diameter, are observed at distinctthey are synthesized.
A similar change in ER and IP3 receptor distribution has sites just below the plasma membrane in the animal hemi-
sphere of the Xenopus oocyte. In addition, adjacent sitesbeen shown during maturation of hamster oocytes. The im-
mature hamster oocyte contains irregular ER masses that (several micrometers apart) display highly coordinated
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cortical reaction in hamster and sheep oocytes in response topuffs; Ca2/ diffusing from one site initiates Ca2/ release
inositol trisphosphate. J. Cell Sci. 91, 139±144.from a closely adjacent site (Yao et al., 1995). Ca2/ released
Ducibella, T., Anderson, E., Albertini, D. F., Aalberg, J., and Ranga-from neighboring sites forms a focus for initiation of a prop-
rajan, S. (1988). Quantitative studies of changes in cortical gran-agating Ca2/ wave (Parker and Yao, 1991). The puffs of Ca2/
ule number and distribution in the mouse oocyte during meioticin the Xenopus oocyte arise from sites present at a density
maturation. Dev. Biol. 130, 184±197.
of one per 30 mm2 (Yao et al., 1995). Interestingly, the ER Foltz, K. R., and Shilling, F. M. (1993). Receptor-mediated signal
clusters in the mouse egg cortex are also present at a mean transduction and egg activation. Zygote 1, 276 ±279.
density of approximately one cluster per 30mm2 (Mehlmann Fujiwara, T., Nakada, K., Shirakawa, H., and Miyazaki, S. (1993).
et al., 1995). The physiological role of localized Ca2/ puffs Development of inositol trisphosphate-induced calcium release
is not known, but the spatial arrangement of Ca2/ stores is mechanism during maturation of hamster oocytes. Dev. Biol.
156, 69±79.likely to be important in the initiation and propagation of
Furuichi, T., and Mikoshiba, K. (1995). Inositol 1,4,5-trisphosphateCa2/ waves.
receptor-mediated Ca2/ signaling in the brain. J. Neurochem. 64,Further study of Ca2/ release in mouse eggs and frog oo-
953±960.cytes will provide important information about the spatial
Furuichi, T., Yoshikawa, S., Miyawaki, A., Wada, K., Maeda, N.,and temporal aspects of IP3-mediated Ca2/ release associ-
and Mikoshiba, K. (1989). Primary structure and functional ex-ated with what appear to be functionally discrete Ca2/ stor-
pression of the inositol 1,4,5-trisphosphate-binding protein P400 .age regions. For the mouse egg, the reorganization of ER and Nature 342, 32±38.
IP3 receptor distribution places the putative Ca2/ storage Han, J.-K., and Nuccitelli, R. (1990). Inositol 1,4,5-trisphosphate-
compartments just underneath the plasma membrane, induced calcium release in the organelle layers of the strati®ed,
which is the site of fertilization and the origin of the signal intact egg of Xenopus laevis. J. Cell Biol. 110, 1103±1110.
to activate the egg through the release of Ca2/. Harnick, D. J., Jayaraman, T., Ma, Y., Mulieri, P., Go, L. O., and
Marks, A. R. (1995). The human type 1 inositol 1,4,5-trisphos-
phate receptor from T lymphocytes. Structure, localization, and
tyrosine phosphorylation. J. Biol. Chem. 270, 2833±2840.
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